Abstract-This paper describes the design, analysis, and characterization of a linear permanent-magnet generator and capacitive energy storage system for generating electrical power from a single stroke of a salient-pole armature. It is suitable for applications that require relatively low levels of electrical power, such as remote electronic locks. An electromagnetic analysis of the generator is described, and a design optimization methodology for the system is presented. Finally, the performance of a prototype is validated against measurements.
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I. INTRODUCTION
T HERE IS A growing demand in various market sectors for the reliable and remote provision of low levels of electrical power ( 5 W), e.g., to supply electronic circuits in security locks data logging/telemetry systems. In many situations, on-board power generation is preferred to the use of batteries, which have a number of attendant problems, in that they contain toxic and corrosive materials, have a limited lifetime, and need regular maintenance [1] , [2] . Further, there are situations in which a loss of power may be inconvenient, e.g., a remote electronic security device, or result in a breach of health and safety regulations, e.g., when monitoring operator use of machinery. A commonly available form of mechanical input energy is linear motion, which may be a reciprocating motion due to the vibration of a structure or machinery [3] , or a single linear movement due, for example, to the pressing of a switch or the insertion of a key. Although such linear motions can be converted to rotary motion, by means of racks and pinions or cams, linear generators are often preferred, since they are simpler [4] , [5] , have a superior efficiency, and are more reliable [6] , [7] . This paper is concerned specifically with the design of a system for generating and storing electrical energy from a single linear movement, to supply a remote electronic locks or an identification device such as fingerprint recognition systems, for example. In such applications, the generator may be idle for extended periods of time, until an operator inserts a key or presses a push-button. During the transient operating period, the generator charges an energy storage capacitor, which subsequently supplies the associated electronic circuitry.
The basic configuration of the linear generator that is under consideration is shown in Fig. 1 , while Fig. 2 shows the associated power conditioning circuit. The generator is a two-phase tubular device, the stator having both permanent magnets and coils, while the moving armature is a simple salient iron core. The rectified output of the generator charges the capacitors to store the generated electrical energy. As demonstrated in [8] , the circuit arrangement in Fig. 2 results in the best performance from a two-phase generator.
The axially magnetized permanent magnets and the laminated pole-pieces in the stator produce an essentially radial air-gap field. The stator winding flux linkage is modulated by the linear movement of the armature, and generates an induced electromotive force (EMF). It will be noted that generators of this type are often described as either "flux-switching" or "hybrid permanent-magnet" generators, so as to distinguish 0278-0046/02$17.00 © 2002 IEEE them from more conventional topologies in which the permanent magnets are located on the moving armature. When the armature is removable, for example, if it acts as the key for a security system, the utilization of the generator is inevitably compromised since the armature can only be inserted from one end. Thus, the coils of phase B in Fig. 1 would be active only during the latter half of the stroke. When the armature is not removable, for example if it is integrated into a "push-button," the utilization of the generator can be improved significantly by employing an armature which is longer than the stator, such that the coils of both phases are fully active throughout the complete stroke.
One potentially important practical advantage of "flux-switching" generators is that the armature will not retain any significant remanent magnetization when the armature is removed. Thus, it would be suited to applications such as security locks, which could not tolerate a removable permanent-magnet polarized armature, since it may attract ferrous material, corrupt credit cards, etc. However, one potentially undesirable feature is the existence of cogging, which although not directly compromising the power capability, may cause significant velocity variations during the stroke, and affect the tactile "feel" of the device. However, the cogging force can be minimized by optimizing the width of the nonmagnetic spacer which separates the two phases [8] , [9] . If the armature is removable, however, the extent to which the cogging force can be reduced is limited, particularly over the initial half of the stroke.
It will be noted that although the paper is concerned with a two-phase generator in which each phase comprises a two-coil module as shown in Fig. 1 , a generator in which each phase has a number of such modules may be better suited to the available space envelope. However, for applications in which the armature is removable, this would further compromise the utilization of the windings.
II. DESIGN
In order to illustrate the design synthesis methodology, the following performance specification has been addressed: axial stroke: 48 mm; average speed: 0.3 m/s; stored energy: 3 mJ. A detailed knowledge of the magnetic field distribution as a function of armature position is a prerequisite for performing design optimization of both the generator and the associated power conditioning circuit. Two analysis techniques are employed: a lumped equivalent magnetic circuit approach and magnetostatic finite element analysis, the former facilitating the rapid assessment of a large number of potential designs, while the latter facilitates design refinements and ensures that the field distribution is calculated to the required accuracy.
A. Lumped Magnetic Circuit Analysis
An equivalent magnetic circuit for the generator is established by making judicious assumptions regarding the predominant flux paths within the device. The equivalent circuit reluctances are readily determined for regions such as the permanent magnets, the laminated stator poles, and the salient armature using the dimensional parameters defined in Fig. 1 . However, the estimation of reluctances for the flux paths in air is somewhat more problematic, and necessarily reliant on a number of simplifications.
The change in flux linkage of the stator windings as the armature moves is the main figure of merit by which alternative generator designs can be compared. The peak-to-peak variation in flux linkage for one stator coil can be deduced using the lumped magnetic circuits shown in Fig. 3 (a) and (b), which correspond to the salient poles of the armature being aligned and unaligned with the stator poles, respectively. With reference to Fig. 3 , the various reluctance components can be calculated.
• represents the air-gap reluctance due to the radial clearance between the surface of a salient pole on the armature and a stator pole. In the case of the unaligned position [ Fig. 3(b) ] it accounts for a small proportion of the total effective air-gap reluctance, whereas in the aligned position, it is the dominant component. Neglecting fringing and leakage fluxes, is given by
• represents the stator slot-leakage reluctance, which, for a parallel-sided slot, is determined from (2) • is the nonlinear reluctance of the armature in the aligned position, and although it will generally be small compared to the air-gap component , it is included in the lumped reluctance circuit since some generator designs may give rise to a high degree of saturation. The permeability is derived from the magnetization curve for the armature magnetic material and the armature flux density. Thus,
Since the magnetization curve is nonlinear, the determination of necessitates an iterative solution of the lumped reluctance network.
• represents the reluctance of the armature in the unaligned position, and is determined from (4)
• represents the reluctance of the air space between the salient poles of the armature, and is given by (5) • represents the equivalent reluctance of the permanent magnet, which has a recoil permeability of . Thus,
• -Since the stator poles are fabricated from annular laminations, the flux that results from the permanent magnet must cross a series of interlaminar gaps. If the lamination stacking factor is , the equivalent reluctance is given by (7) • represents the reluctance of the leakage flux paths from the outer surfaces of the stator poles. Assuming semicircular flux paths, the reluctance is given by [10] (8) • represents the reluctance to leakage flux from the permanent magnet, and is given by (9) • and represent the reluctance of the stator poles in the radial direction. Again, these will only be significant if the degree of saturation is significant (10) (11)
• is the magnetic-motive force of the permanent magnet, and is given by (12) where is the remanence.
By solving the lumped magnetic circuits corresponding to the aligned and unaligned armature positions, the fluxes in the various regions can be estimated. Of particular interest, in terms of the generator performance, is the flux that links the winding (13) where is the air-gap flux which passes through , and is the leakage flux which passes through From the calculated flux for both the unaligned and aligned armature positions, the maximum flux change can be calculated. Thus, the average induced voltage in the two coils which form a phase winding during the period in which the armature is displaced one pole pitch is given by (14) where is the number of turns per coil and is the armature velocity. The output power generated by one pole pair is, therefore, given by (15) where the winding current is related to the current density , the winding packing factor , and the stator slot area by 
Therefore, the electromagnetic thrust force is given by
Equation (18) relates the thrust force capability to the generator design parameters and facilitates design optimization by scanning critical design parameters so as to maximize the force, a procedure which is particularly rapid with the lumped equivalent circuit analysis technique. By means of example, Fig. 4 shows the variation of as a function of the dimensional ratios and , assuming T, , m, m, m, m. As is evident from Fig. 4 , an optimum combination of dimensional parameters exists which yields the maximum thrust force, i.e., , .
B. Finite-Element Analysis
Although the lumped magnetic circuit analysis is useful for identifying likely optimal designs, it makes simplifying assumptions regarding the dominant flux paths, which are themselves dependent on the particular combination of generator design parameters. Thus, it is prudent to perform a more detailed analysis of the magnetic field distribution using magneto-static finite-element analysis. By way of illustration, Fig. 5 shows no-load field distribution of a two-phase generator having the parameters listed in Table I , which conform to the optimal ratios for and , established in Fig. 4 . predicted change in flux linking a stator coil when the armature is moved from an aligned to an unaligned position. As will be seen, the prediction from the lumped magnetic circuit agrees reasonably with that from finite-element analysis. The optimal design parameters which were derived from the lumped magnetic circuit analysis, i.e., and , were validated using finite-element analysis by slightly varying the ratios and computing the performance. However, this merely confirmed that the optimal values were correct. Further finite-element analysis was undertaken in order to evaluate the generator performance in greater detail, specifically, the variation of the winding flux linkages, self-inductances, and cogging force with armature position. Fig. 6 shows the variation of winding flux-linkages for the two phases as the armature traverses a complete stroke of 48 mm, while Fig. 7 shows the variation of cogging force over the initial 5 mm of the stroke (where in both figures corresponds to the position when the armature tip is about to enter the stator). 
III. WINDING DESIGN AND RECTIFIER/CAPACITOR CIRCUIT
The design of the phase windings, i.e., the selection of the number of turns and, hence, the conductor diameter, is closely coupled to the selection of the rectifier and capacitor system for the energy storage. Thus, a system-level approach embracing the electromagnetic design aspects and the electrical circuit parameters must be employed.
The winding resistance and self-inductance per phase can be expressed in terms of a normalized resistance and a normalized inductance , i.e, (19) (20) where is constant for a particular combination of dimensions , and , and is given by (21) and is the resistivity of copper at 20 C (1.78 10 m). The normalized self-inductance , corresponds to the effective permeance associated with the coil flux, and can be determined from finite-element analysis. It is a function of the relative position of the armature and stator poles. However, finite-element analysis shows that for the generator having the parameters given in Table I , the variation of over a complete stroke is less than 20%, having a maximum value of 0.954 H and a minimum value of 0.847 H. This relative insensitivity to armature position is due to the fact that a permanent magnet with a recoil permeability which is close to is situated in the main flux path of the coils, and that a significant proportion of the self-inductance is due to the "slot-leakage" flux component. Thus, can be assumed to have a constant magnitude, equal to the average value over the stroke, which considerably simplifies the optimization of the coil design and the choice of the energy storage capacitor. It will be noted that the mutual inductance between the two phases is essentially zero, and can be neglected.
From the results shown in Fig. 6 , the rate of change of flux with displacement of the armature approximates to a square waveform, as shown in Fig. 8 . This, in turn, allows the EMF per turn to be calculated. By modeling the rectifier diodes as ideal devices with a fixed voltage drop , the rectifier and capacitor circuit of Fig. 2 can be simplified to the equivalent circuit shown in Fig. 9 , which comprises two --circuits excited by two independent voltage sources. On the basis of the square flux linkage waveforms shown in Fig. 8 Fig. 8 . The two voltage-source --circuits in Fig. 9 are decoupled, and hence, can be solved independently. If the armature moves at a speed for a time duration of , and the two phase EMF waveforms are initiated at instants of time and , then the resultant voltages across the capacitors at are given analytically by (23), from which it is evident that the capacitor voltage is a function of both and (23) If the output voltage is regulated by a voltage regulator which requires a minimum voltage of 5.6 V to provide a stable output of 5 V, then the total energy which is available when the two capacitors are subsequently discharged is given by (24) Equations (23) and (24) relate the output energy of the generator-power conditioning circuit to the design parameters and . By scanning these two parameters between specified limits, optimal values can be identified which result in maximum stored energy for a specified motion of the armature. Fig. 10 shows the variation of the output energy as a function of and , calculated using (23) and (24), assuming an armature velocity of ms . Clearly, for a given value of , there is an optimal value for which yields maximum stored energy
.A st h e number of turns is progressively increased, the optimal value of decreases while the maximum output energy increases. However, for values of greater than 3000, the increase in is no longer significant, while the required wire diameter becomes impracticably small.
The validity of this foregoing analysis has been verified by a more rigorous simulation of the generator-rectifier-capacitor system shown in Fig. 2 using the simulation package Saber. By way of example, Fig. 11 shows how the voltage across the two capacitors varies with time for the case of , F and a constant armature velocity of ms . The energy that is recoverable by discharging the capacitors is 2.7 mJ, after which the output voltage drops to 5.6 V, which is in reasonable agreement with the analytically derived value of 2.4 mJ. A significant proportion of the difference may be attributed to the nonlinear behavior of the diodes, which is not accounted for in (23).
IV. EXPERIMENTAL RESULTS
A prototype generator having the design parameters given in Table I is shown in Fig. 12 . The measured and predicted winding resistance and inductance compare favorably as shown in Table III . The measured and predicted flux linkage of phase A as a function of armature displacement are compared in Fig. 13 , with zero displacement corresponding to the armature tip entering the stator. Fig. 14 shows typical measured capacitor voltage waveforms and the associated armature velocity waveforms, derived from a linear incremental encoder, during a single stroke of armature. As is evident from these results, the system is capable of producing an output voltage of 12-16.5 V, for average armature velocities ranging from 0.15 to 0.45 m s . The resulting stored energy varies from 2.45 to 4.63 mJ, which meets the target performance specification. It will also be observed that, due to the presence of cogging force, the armature velocity fluctuates significantly during the stroke, particularly at lower speeds. V. C ONCLUSIONS This paper has described the design, analysis, and experimental characterization of a tubular permanent-magnet generator and an associated power conditioning circuit. The merits of combining lumped magnetic circuit analysis and finite-element analysis to optimize the design of the generator has been illustrated, and the need for system-level analysis to concurrently design the winding and select the energy storage capacitors has been highlighted. Performance predictions agree well with experimental results from a prototype generator.
